We examined the hypothesis that respiratory sinus arrhythmia (RSA) is primarily a central phenomenon and thus that RSA is directly correlated with respiratory controller output. RSA was measured in nine anesthetized dogs, first during spontaneous breathing (SB) and then during constant flow ventilation (CFV), a technique whereby phasic chest wall movements and thoracic pressure swings are eliminated. Measurements of the heart rate and of the moving time averaged (MTA) phrenic neurogram during these two ventilatory modes were made during progressive hypercapnia and progressive hypoxia. RSA divided by the MTA phrenic amplitude (RSA.) showed a powerlaw relationship with both arterial carbon dioxide partial pressure (Paco2) and oxygen saturation (SaO2), but with different exponents for different conditions. However, the power-law relation between RSA. and respiratory frequency had an exponent indistinguishable from -2 whether hypoxia or hypercapnia was the stimulus for increased respiratory drive, and during both CFV and spontaneous breathing (-1.9±0.4, hypoxia, SB; -1.8±0.7, hypoxia, CFV; -2.1±0.8, hypercapnia, SB; -1.9±0.7, hypercapnia, CFV). We conclude that respiratory sinus arrhythmia is centrally mediated and directly related to respiratory drive, and that changes in blood gases and phasic afferent signals affect RSA primarily by influencing respiratory drive. (J. Clin.
Introduction
The modulation of the heart rate in time with breathing, usually known as respiratory sinus arrhythmia (RSA),' has been the focus of many studies since its first description (1) . Although it is well accepted that the efferent pathway is almost entirely vagal both in dogs (2) and in man (3) , mechanisms responsible for the rhythmic changes in heart rate are only partially understood. Among those that have been proposed are the atrial or vascular baro-or mechanoreceptor responses to intrathoracic pressure changes, pulmonary stretch receptor afferent signals, and direct projection in the brain stem from the respiratory center onto the nuclei that govern heart rate or blood pressure.
A number offactors have been shown to modify the magnitude of the respiratory modulation including chemoreceptor stimulation (3, 4) , tidal volume (3, 5, 6) , and respiratory rate (3, 6, 7) , with the rate dependence showing low-pass, but not necessarily linear, behavior. In this study we set out to investigate a unifying hypothesis that could explain the modulation ofheart rate with these ventilatory variables. We hypothesized that the primary mechanism mediating the respiratory modulation of heart rate is central projection from the respiratory controller, and thus that RSA is directly correlated with respiratory drive. We postulated, therefore, that the differences in RSA observed during hypoxia and hypercapnia (3, 4) are not directly related to chemical stimulation but rather to the changes in respiratory drive induced by the changes in arterial blood gases.
We measured RSA in both the presence (during spontaneous breathing) and absence of phasic afferent signals from the chest wall and vagus during progressive hypoxia and hypercapnia. To eliminate the phasic changes in pleural pressure and pulmonary vagal inputs and the respiratory oscillations ofarterial blood gases (8), we used a ventilatory technique known as constant flow ventilation (CFV) (9-1 1). Using CFV, arterial blood gases can be manipulated while the lungs and chest wall do not move. The steady afferent signals remain but phasic feedback is removed. Thus, we were able to study the effect of hypoxic and hypercapnic stimulation with and without the phasic changes in peripheral afferent stimulation caused by tidal ventilation. As our measure of central respiratory drive, we measured the moving time average phrenic neurogram. Our hypothesis led us to expect that RSA would.correlate strongly with the phrenic neurogram, irrespective of the arterial blood gases or the mode of ventilation.
Methods
Nine dogs of mixed breed weighing between 18 and 30 kg were used. The dogs were medicated with fentanyl and droperidol and anesthetized with intravenous chloralose-urethane. Anesthesia was induced with a loading dose of 0.8 ml/kg chloralose-urethan solution i.v. (2.5 g chloralose plus 25 g urethane in 100 ml saline), and sustained with supplementary doses of 0.3 ml/kg/h. Pedal and corneal reflexes were examined frequently during spontaneous breathing runs to monitor the adequacy of anesthesia, and the same dose and schedule of anesthetic was continued after the animal was paralyzed for CFV. Paralysis was induced and maintained with metubine iodide, 0.2 mg/kg/h intravenously. Phrenic nerve activity was recorded from the C6 cervical root ofthe phrenic nerve using a copper electrode held in place with a silicone based elastomeric impression material (Reprosil; De Trey, Dentsply, Surrey, UK). The nerve was bathed intermittently in mineral oil to prevent it from drying. The signals from the nerve were amplified (gain: 200,000) band pass filtered (low half-amplitude frequency, 100 Hz; high half-amplitude frequency, 10 kHz) (P51 1K AC preamplifier; Grass Instruments Co., Quincy, MA), and passed through a contour follower with a time constant of 70 ms (Contour Following Integrator; Coulbourn Instruments Inc., Lehigh Valley, PA). The signals were fullwave rectified and low-pass filtered to yield the moving time average (MTA) signal.
The animals were intubated with a midcervical tracheostomy. Femoral arterial and venous catheters were placed to monitor pressure, to administer drugs and fluids, and to draw blood samples. Arterial blood pressure was measured using a catheter-transducer system (PD 23; Gould Inc., Instruments Div., Santa Clara, CA). Beat-by-beat heart rate was obtained from the blood pressure pulse interval (Biotach amplifier; Gould Inc., Medical Products Div., Oxnard, CA). Blood gas partial pressures were obtained by analysis of0.8 ml Selected mixtures of 02, N2, and CO2 were obtained using a mass flow controller (multiple dynablender model 8249; Matheson Gas Products, Inc., Secaucus, NJ) to feed metered amounts of the individual gases into a common line. The gas mixture was heated to -40'C by passing it through coils immersed in a hot water bath. The expired carbon dioxide concentration was monitored at the airway opening using an infrared analyzer (LB2; Sensor Medics, Anaheim, CA).
During the spontaneous breathing measurements the dogs breathed through a cuffed tracheostomy tube connected with a T-piece to a "blow by " circuit through which the constant flow of the gas mixture from the flow controller was delivered. The cuff of the tracheostomy tube was deflated after the spontaneous breathing experiments were completed. The constant flow delivery system was then placed with the supporting tubes cradling the carina ( The baseline blood gas values were restored again after the spontaneous breathing hypercapnic run was completed by adjusting the mixture of inspired gases to approximate room air. The CFV system then was positioned as described above and the animal was paralyzed by a slow infusion of metubine iodide. Esophageal pressure (Pa) was monitored both as an indicator of mean lung volume and to confirm that the dog was not breathing during the CFV runs.
Progressive hypoxia was induced as in the spontaneous breathing run after a normoxic, normocapnic steady state was attained with CFV. The total flow of gas delivered was held constant while the composition was adjusted (decreased 02 and increased N2). The blood gases were then returned to normal by readjusting the gas mixture, and progressive hyperoxic hypercapnia was induced and monitored during CFV.
The MTA phrenic neurogram, SaO2, heart rate, arterial and esophageal pressures, and expired carbon dioxide partial pressure were obtained continuously and recorded on paper (ES 1000 electrostatic recorder; Gould, Inc.) during the experiments.
Data analysis
The recorded data were digitized (Super-grid digitizer; Summagraphics Corp., Fairfield, CT) for analysis. The beginning of inspiratory activity and the time of the peak of the MTA phrenic neurogram were defined to be the onset of inspiration and of expiration, respectively (Fig. 1) . The inspiratory time (Ti), expiratory time (Te), and amplitude were measured from the record of the MTA phrenic neurogram for five bursts ("breaths") for every 5% drop in SaO2 during a progressive hypoxia experiment and every 2 min during a progressive hypercapnia experiment. Maximum and minimum heart rates were measured for each of the five phrenic bursts, and the difference between them taken as the value of RSA. The data for the five breaths were averaged.
Since oximeters tend to underestimate the SaO2 calculated from blood gas measurements (12) , the oximeter values were corrected using a regression equation determined using arterial blood gases obtained simultaneously with some of the readings (13) .
The RSA for the five breaths was divided by the average height of the five corresponding MTA phrenic neurogram bursts to yield the adjusted RSA amplitude, RSAa. Bode plots (log variable vs. log respiratory frequency plots) were constructed for the individual experiments and regression lines were calculated to obtain the roll-off slopes.
Inspection of the Bode plots led to RSAa being considered as a second order system. The parameters for the four experimental conditions (CFV, SB, hypoxia, hypercapnia) were obtained by pooling the frequency responses for the individual dogs. To compare results among dogs, the data were normalized by dividing RSAa by the RSAa, amplitude at 10 breaths/min. The time constant ofthe first exponential term was found from the intersection of the 0 dB/decade slope and the -20 dB/decade slope asymptotes, and that of the second from the intersection of the -20 dB/decade slope and the -40 dB/decade slope asymptote. The natural frequency was calculated as the geometric mean of the inverse of the time constants and was confirmed to correspond to the intersection of the -40 dB/decade and the 0 dB/decade slope asymptotes. The damping parameter was calculated as the product of the natural frequency and the arithmetic mean of the time constants.
Results
A sample of raw data is shown in Fig. 1 _ and the measures of chemostimulation, the slopes were different among conditions. The mean slopes±SD for the runs in which the coefficient of determination for the linear fit ("R squared") was greater than or equal to 0.80 for hypoxia were, in log (bpm/arbitrary unit)/log(percent saturation), for spontaneous breathing: -7.0±2.3, n = 6; and for CFV: -5.4±1.9, n = 7; and for hypercapnia were, in log (bpm/arbitrary unit)/ log (Torr), for spontaneous breathing: -4.6±2.0, n = 7; and for CFV: -2.3±1.2, n = 7.
A sample plot of RSA. amplitude against frequency is shown on the left in Fig. 3 , and in log-log (Bode plot) form on AAAAAAfu'\A A and C were selected to show similar respiratory frequencies; however, the oxygen saturations differ. The patterns were similar during progressive hypercapnia.
the right. All runs in which there was a sufficient range ofrespiratory frequencies for calculations (34 of 36) had a linearly decreasing region in the log-log representation. Some also had a plateau at the lowest frequencies but this plateau extended over only a short frequency range. The mean slopes±SD ofthe down-going portions, in log (bpm/arbitrary units)/decade of frequency, for all runs in which the coefficient of determination for the linear fit was greater than or equal to 0.80 were, for hypoxia, spontaneous breathing: -1.9±0.4, n = 7; for hypoxia, CFV: -1.8±0.7, n = 7; for hypercapnia, spontaneous breathing: -2.1+0. The pooled frequency responses (Fig. 4) show that RSA. as a function of the onset of inspiration can be characterized as a slightly overdamped second order system. An additional, cascaded second order system with a higher corner frequency is suggested by the -80 dB/decade asymptote at the highest frequencies.
The precision of the parameters obtained for the second order system is necessarily low, since the pooled graphs show a moderate degree of scatter, rendering the position of the asymptotes and the intercepts somewhat subjective. However, differences can be seen among conditions. For hypoxic stimulation, the natural frequencies were 13 breaths/min for spontaneous breathing and 11 breaths/min with CFV, with corresponding damping parameters of 1.01 and 1.03. (The time constants were 1.0 s and 0.6 s for spontaneous breathing and 1.1 s and 0.7 s for CFV). For hypercapnic stimulation, the natural frequencies were lower. That for spontaneous breathing could not be obtained, as the dogs did not breathe slowly enough for the low Discussion Heart rate modulation synchronous with phrenic neural activity was evident both in the presence of phasic afferents during spontaneous breathing and in their absence during CFV. This effectively rules out pulmonary stretch receptor afferents, cyclic baro-or mechanoreceptor afferents, cyclic oscillations in chemoreceptor afferents, or any other phasic afferent information as necessary for the generation ofrespiratory sinus arrhythmia. Furthermore, RSAa was a similar function of frequency whether the changes were produced by normocapnic progressive hypoxia (peripheral chemoreceptors) or hyperoxic progressive hypercapnia (central chemoreceptors), indicating that the direct influence of the chemoreceptors on the system that produces the modulation in phase with respiration is minor, but that most of their effect on RSA is through their effects on respiratory drive.
Our data show that phasic afferent signals are not necessary for the generation of respiratory sinus arrhythmia and that when they are present their effects are minimal. In the second conclusion we appear to differ from Anrep et al. (14) who showed that the magnitudes of heart rate fluctuation caused by reflex stimulation could equal that caused by respiratory drive. However, Anrep (5, 6), and the amplitude ofthe MTA phrenic neurogram is proportional to tidal volume (16) .
The slope of log (RSAa) vs. log (frequency), -1.9 log (bpm/ arbitrary unit)/decade, was statistically indistinguishable from -2, or a slope of -40 dB per decade, the asymptotic slope of a second order lowpass system. The deviations from the value of -2 are consistent with the second order model, resulting most probably from proximity to the corner frequency; the asymptotic slope is not achieved in general until a frequency about five times greater than the breakpoint, while our range of frequencies spanned only about a fourfold increase.
We have not proven that the system is second order and linear, but we have shown that it is the simplest system consistent with the data. Although others (16) working with human subjects assumed a first order system, their data are not inconsistent with the higher order model. The highest breathing frequencies achieved voluntarily by their subjects were simply too close to the natural frequency for a steeper roll-offto have been evident even ifit had been present. A relatively complex model ofthe mechanism by which the cardiac period is affected by the frequency of vagal discharge ( 17) is second order on the rate of change in vagal tone for a moderate range of, and small fluctuations in vagal discharge. The damping ratio of the system as measured here was not clearly affected by the presence of phasic afferents nor by the nature ofthe stimulus causing the increase in respiratory drive, although small differences could have been masked by the error of measurement. The natural frequency of the system appeared to be lower with hyperoxic hypercapnia than with normocapnic hypoxic stimulation, and for CFV than for spontaneous breathing. However, these results, too, are within the error of our parameter detection. The scatter in the data was not reduced if the respiratory frequency was divided by the mean heart rate. As we have shown previously, heart rate increased under hypoxic conditions during spontaneous spontaneous breathing but decreased during CFV (18) .
Results obtained in some experiments with human subjects have been interpreted as showing no direct central neural generation ofRSA, but rather an adjustment ofthe baroreflex giving rise to the phenomenon (19) . Our findings in dogs differ, in that the elimination of the large intrathoracic pressure fluctuations associated with breathing did not alter RSA, which remained related to the MTA phrenic neurogram. This major discrepancy could be due to interspecies differences, to effects ofanesthesia, or to incomplete suppression of respiratory drive in the human experiments. It is possible that the anesthetic agent in our experiment could have eliminated an inhibiting effect that was present in the conscious animal. However, in light of our data, it is more likely that respiratory drive was not completely eliminated in the human experiments. The ventilated dogs in our experiments showed neural ventilatory activity even when they were hyperoxic and normocapnic on CFV, that is, in the absence of obvious stimuli for breathing. Similarly, despite their efforts to relax their respiratory muscles and to let the cuirass respirator ventilate them, the human subjects in Melcher's study may have had a "respiratory drive" signal; it is not clear where in the pathways that generate the pattern of breathing the higher centers act, nor precisely where the signal that is seen as vagal output to the heart is tied to the respiratory center. It is also possible that central projection of the respiratory drive directly modulates the baroreflex rather than the cardiac controller. In this case, stimulation of the baroreflex with thoracic pressure swings or modulation of it centrally could have similar effects. Our data show fluctuations of arterial pressure corresponding to the respiratory sinus arrhythmia, fluctuations that may be caused by the heart rate changes or may cause them. Levy and colleagues (20) showed that respiratory sinus arrhythmia was measurable in a preparation in which the arterial pressure to both the coronary bed and the cephalic portion of the animal was held constant and nonpulsatile, and the venous return was kept constant. Because respiratory sinus arrhythmia can be produced in the absence ofblood pressure fluctuations, we conclude that the respiratory modulating activity acts directly on the cardiac controller. We do not exclude the possibility that it also may modulate barocenter activity simultaneously.
Our findings that the system can be described as linear and second order and that the order (roll-off) of the system is independent of blood gas values differ somewhat from those of other authors (3, 4) . However, the experimental situations were significantly different. First, our data were obtained in anesthetized dogs, not in conscious humans. Second, the frequency changes in our experiments were caused by altered blood gases, rather than being selected voluntarily. Thus, we avoided any confounding effects of higher centers on spontaneous breathing, but with our protocol there were different blood gases at each frequency. If carotid body afferents modify the natural frequency in the second order model, we will have seen a sum of multiple response curves during hypoxia. During hypercapnia when the carotid body afferents were reduced by the use of hyperoxia (21), we may have seen a sum of curves for different levels ofcentral chemoreceptor activity. These relatively minor effects would be evident only near the natural frequency of the system, giving rise to some blurring of the response near the corner.
Over the range of our measurements, the RSA-respiration system magnitude response, if linear, appears to be second order. Thus, one might expect to find a physical system analogous to an RLC circuit, that is, with resistance, capacitance, and inductance as the source of the phenomenon. However, a central (neural) model with these components and time constants of the order of seconds is difficult to envisage. The possi-bility that the signal is in fact a pressure artifact can be ruled out; RSA is as clear on heart rate signals generated from ECG records as it is on those from pulse registration. However, the physical nature of the second order system is elusive.
In our attempt to locate a putative generator for RSA, we examined the process by which the signal is transmitted and detected, with very interesting results. It appears that the frequency behavior of RSA can be accounted for to a large extent by features of signal transmission, without recourse to any linear system model. RSA amplitude is defined as the difference between maximum and minimum heart rate over one breathing period. In other words, RSA is the maximum deviation of the frequency of cardiac contraction occurring at the respiratory frequency. It can be considered, then, that a signal related to breathing is transmitted by frequency modulation (FM) of the mean heart rate. However, the frequency ofthe carrier, the mean heart rate, is only five to six times higher than the frequency of the modulating signal, the breathing rate.
The carrier in an FM system is an oscillating signal with a fixed mean frequency. The modulating signal is encoded as perturbations of the carrier frequency, with the instantaneous amplitude of the transmitted signal mapped onto the magnitude of the deviation from the mean frequency and the frequency ofthe transmitted signal mapped onto the frequency of the perturbations. A modulating period includes many carrier cycles and the variations in frequency occur smoothly when the carrier frequency is much greater than the modulating frequency. However, the frequency and amplitude information begin to interfere with one another if the two frequencies approach each other too closely.
We propose a simplified model of RSA as an FM phenomenon. The carrier frequency is a constant mean heart rate. The modulating signal is respiratory suppression of the vagal input to the cardiac (or pressure-regulating) center. For simplicity, consider both signals to be sinusoidal, unless the baseline vagal tone is low enough that the respiratory suppression forces it to zero before the end of inspiration. In the modulated signal, then, the maximum deflections from the mean heart rate will be proportional to the tidal volume. Ifthe breathing rate is low, the largest tidal volume that can be carried is the one that either forces the heart rate or the vagal input to the heart to zero. Ifthe tidal volume is very small then the frequency limit for the modulating signal is half the carrier frequency, to allow one carrier cycle for the minimum and one for the maximum ofthe modulating signal.
Broadly speaking, the bandwidth around the carrier frequency needed for FM transmission of any modulating signal is twice the sum of the modulating frequency and the maximum frequency deflection to occur. For the simplified RSA transmission model discussed here, the breathing frequency plus the gain-tidal volume product must be less than the mean heart rate or the amplitude ofthe breathing signal will be attenuated in transmission. The frequency of breathing at which attenuation (because of the limitations of frequency modulation) becomes apparent will depend on the system gain and the mean heart rate.
The model described above has been developed in more detail in the Appendix, and results of a simulation of this system are shown in Fig. 5 . A plot of simulated RSA amplitude in decibels vs. log (fm) is given in Fig. 6 there is an approximately linear relationship between RSA magnitude and tidal volume (Eq. A7), but not for higher gaintidal volume products, a phenomenon that has been reported for RSA in man (5, 6) . The phase relation between RSA and breathing is a function of frequency (Fig. 5) , as has been seen by others (3, 7) . The similarity of Fig. 6 to the RSAa data plots is striking if a narrow range of frequency ratios is selected. This is especially noteworthy because there is no physical system involved here, but simply a nonlinear signal transmission process.
The FM transmission model permits the inclusion of several secondary effects. Changes in fc alter the apparent fn of the second order fit to the model, perhaps explaining the secondary effects ofchemoreceptors on RSA as direct effects on heart rate (fc in the model). System gain and baseline vagal tone might vary with subject age and with presence or absence of phasic afferents. This model does not, as yet, account for the nonsinusoidal nature of the signals nor the threshold caused by the baseline vagal tone. The discontinuous nature of the heart rate signal has been addressed for a different purpose in a recent model (22) , but further work remains to be done.
The roll-off pattern of RSAa in anesthetized dogs is consistent with the limitations ofa frequency-modulated system with a low frequency carrier, a nonlinear description in which no particular circuit elements need be involved. However, RSAa can be described as an overdamped second order system. Exper- imental data show RSAa to be independent of phasic afferent and chemoreceptor inputs, and to depend primarily on the frequency of respiratory drive.
